ABSTRACT The bearingless permanent magnet synchronous motor (BPMSM) is widely developed due to the advantages such as high speed, high power factor, high power density, and zero friction. In this paper, in order to provide more space for the placement of a permanent magnet (PM), a new type of BPMSM with interior composed magnetic structure is designed. The operation principles of the proposed BPMSM with the Maxwell force are introduced first. Then, by using of the finite element method (FEM), the pole-arc coefficient of BPMSM is optimized to reduce the cogging and increase the levitation force. In addition, the electromagnetic properties including magnetic field, levitation force, electromagnetic torque, loss, and cogging torque are simulated and analyzed. Finally, the static levitation experiment is carried out to verify the performance of levitation force. The research lays a foundation for further research about optimal design of the new type of BPMSM and also provides a mathematical model foundation for research of the control system. INDEX TERMS BPMSM, FEM, optimal design, Maxwell force, electromagnetic performance.
I. INTRODUCTION
Due to environmental pollution and energy crisis concerns, power electronics and drive systems have drawn more and more attentions. The machine such as permanent magnet synchronous motors (PMSMs) [1] , [2] , switch reluctance motors (SRMs) [3] , induction motors [4] and so on have already applied in many areas. However, in some special areas such as high speed, no pollution, seal and no lubrication, the traditional machine cannot meet those requirements. Therefore, the theory of bearingless permanent magnet synchronous motor (BPMSM) is proposed, it is a new machine system which combines the function of levitation and rotation [5] - [9] . Since no bearing is needed in the BPMSM system, it is really terrific to apply the BPMSM system in high speed, high power density and maintenancefree applications, such as turbo-molecular pumps, artificial hearts [10] , and high-speed flywheel battery systems [11] , [12] .
Nowadays, advanced research of the BPMSM mainly focuses on motor topologies, control policies and mathematical models [13] - [16] . For the topology of BPMSM, same as the PMSM, it can be categorized into surface-mounted permanent magnet synchronous motor (SBPMSM) and interior permanent magnet synchronous motor (IBPMSM). Compared with the SBPMSM, the IBPMSM has high overload capacity and power density, and the speed adjustable range can be expended furtherly by using flux weakening control [17] - [21] . According to the difference of magnetization direction, the motor topologies of IBPMSM can be divided into tangential type, radial type, composed type, V-shape type and so on [22] . In the PM motor, the interaction force between PM and stator teeth will be generated, and the cogging torque is generated by the tangential component of this interaction force [23] - [25] . For decreasing the cogging torque of the BPMSM, in [26] and [27] , the flux-weakening performance and cogging torque performance of IPMSM are compared before and after PM segments, it shows that the PM segments can reduce the cogging torque effectively. In [28] , the cogging torque performance of IPMSM are compared before and after rotor segments, after segments, the cogging torque reduced a lot. Based on Halbach PM, the Hat-type and T-type PM are proposed in [29] and [30] to weaken the harmonic content of air gap flux density. Moreover, the method such as skewed pole, auxiliary slot [31] , [32] , optimization of the arc coefficient [32] , optimization of the PM structure [33] , PM segments, asymmetric magnetic pole [34] , [35] and so on are used to optimize the motor topology. This paper is organized as follow. Section II proposes a new BPMSM with interior composed PM. Then, in Section III, the operation principle of BPMSM based on Maxwell fore are described. The PM structure is optimized in Section IV. Section V presents the simulation results of electromagnetic performance. In order to verify the theoretical analysis, the experiments are carried out in Section VI. Finally, conclusions are given in Section VII.
II. STRUCTURE OF PROPOSED BPMSM
For the interior BPMSM, the common structure of PM include interior tangential and interior radial. Combine with the advantage of aforementioned two types of structure, the BPMSM with interior composed PM are designed in this Section. Fig. 1 shows the cross-sectional view of the proposed BPMSM, and it mainly consists of rotor, stator, levitation wingding, torque winding and PMs. The rotor structure of the proposed BPMSM can provide more space for the placement of PMs, and it can provide larger flux for each pole.
According to the Fig. 1 , it can be seen that the proposed BPMSM has two sets of wingdings in the stator slot, including torque winding and levitation winding respectively. In addition, two sets of windings fulfill where, P T and P L represent the pole-pairs of torque winding and levitation winding, respectively, ω T and ω L represent the current frequency of torque winding and levitation winding, respectively.
III. OPERATION PRINCIPLE OF PROPOSED BPMSM
A. MAXWELL FORCE Two kinds of mediums with different permeability such as air and core are crossed by magnetic field, the force called Maxwell force will be generated in the boundary of two kinds of mediums [13] , [36] . In the BPMSM, the permeability of rotor is considerably larger than the air, therefore, the Maxwell force will be generated in the rotor surface. The force is proportional to flux density, and inversely proportional to double the permeability in the vacuum. Fig. 2 demonstrates the generation principle of Maxwell force in the motor. As shown in Fig. 2 (a) , it can be seen that when the rotor in the center of the motor, the flux density distributed symmetrically in the rotor surface, and the resultant Maxwell force is equal to zero. On the contrary, as shown in Fig. 2 (b) , when the rotor is eccentric, the distribution of flux density will increase along the eccentric direction, and the resultant Maxwell force F M is no longer equal to zero, and the direction of resultant Maxwell force is also along the eccentric direction. 
B. CONTROLLED LEVITATION FORCE
According to the aforementioned generation principle of Maxwell force, the controlled levitation force can be generated by changing the airgap flux density oriented and quantitatively. Fig. 3 shows the winding layout of the proposed BPMSM, wingdings A, B and C represent the threephase torque wingding, and windings X , Y and Z represent the three-phase levitation wingding. Furthermore, according to the equation (1), the levitation winding has one pole pair more than torque winding. In this project, the pole-pair of torque wingdings are equal to 2, and the pole-pair of levitation wingdings are equal to 3.Through the interaction between two wingdings, the flux density in the x and y axes can be adjusted. Therefore, the Maxwell force in the x and y axes also can be adjusted, which constitutes the controlled levitation force. Fig. 4 demonstrates the specific magnetic field distribution under the situation of generating levitation force in the x-axis. Taking A phase torque winding and X phase levitation winding as an example, as shown in Fig. 4 , when the rotor is in the center of BPMSM, the symmetric four-pole magnetic field Ψ 4 is generated by torque windings A and PMs. If the levitation winding X is not energized, there is no levitation force generated because Ψ 4 is balanced. When X phase levitation winding is energized, the six-pole magnetic field Ψ 6 is generated by levitation windings, and it together with Ψ 4 will strengthen the magnetic field along the x-axis positive directions. On the contrary the six-pole magnetic field Ψ 6 together with Ψ 4 will weaken the magnetic field along the x-axis positive directions.
So, the airgap flux density at position α is larger than position β, which will produce a levitation force F x along the x-axis positive direction. On the contrary, if providing reverse current for levitation winding, the levitation force F x along the x-axis negative directions will be generated.
IV. OPTIMAL DESIGN OF PM
According to the structure and parameters of the proposed BPMSM, finite element (FE) software is used to implement the 2-D numerical analysis for the proposed BPMSM. For enhancing the stability of levitation performance of the proposed BPMSM, the cogging torque and levitation force are selected as main optimization parameters. The optimization steps include the following four important processes: 1) Building the model As shown in Fig. 5 , the 2-D FE model of the proposed BPMSM is established by using FE software Ansoft, and the detail parameters are shown in Table 1 2) Parametric Modeling Since the structure of PM has a significant influence on cogging torque, the length of radial PM e and tangential PM g are selected as optimization objectives to reducing the cogging torque and enhancing the levitation force.
Firstly, the thickness for proposed machine can be given as
where h is the total thickness of PMs,K α is the coefficient related to the structure of rotor, K s is the saturation coefficient of machine, b m0 is no-load operating point of the PM, σ 0 is no-load leakage coefficient. Then, In the Ansoft, as shown in Fig. 6 , the parameter e and g are set as optimal variables, and the angle between radial PM and tangential PM is set to 45 • . In consideration of the size of rotor, the optimal range of parameter e is from 12 mm to 14.4 mm, and the optimal range of parameter g is from 9.3 mm to 11.7 mm.
3) Planning the Mesh The quality of mesh has a significant influence on the simulation result, especially in the air gap. The more mesh the model is divided into, the more accurate of the calculation will be. However, when the number of mesh is up to a larger value, the simulation result will no longer be influenced by the mesh. Fig. 7 shows the mesh schematic of the simulation, with the maximum length about 0.3mm in the air gap, which fulfills the demand of calculating precision.
4) Setting motion and levitation force Firstly, the rotor, PM and magnetic bridge are set as motion space. Then, the motion mode is set to be rotation while the rotation direction and speed are also set on the motion space. In order to obtain the levitation generated in the rotor, the parameter force is set in the rotor, and the levitation force on the rotor can be calculated.
By utilizing the finite element method (FEM), the simulation result of cogging torque versus the length parameters of PMs can be obtained. The relationship between cogging torque and the lengths of tangential PM e with different lengths of radial PM g is shown in Fig. 8 . It is observed that for the smaller g, the cogging torque will descend at first and then increase with the increasing of e. For the larger g, the cogging torque will descend with the increasing of e. In general, the cogging torque has a small value when e is set as 11.7mm. In determining the optimal value of g, the value of g has been optimized. In accordance with the Fig. 8 , it shows that with the increasing of g, the cogging torque will be decreased.
In order to prevent the descending of levitation performance when the cogging torque is optimized, the relationship between levitation force and geometric parameter of PMs is also analyzed. Fig. 9 shows the levitation force versus the geometric parameters of PMs, it can be seen that with VOLUME 7, 2019 the increasing of the radial PM length, the levitation force will be increased, and with the increasing of tangential PM length, the levitation force also increased. In summary, when the parameters e and g take a larger value (within a limit length range), the cogging torque has a small value, and the levitation force has a larger value. In this paper, setting e = 11.7, g = 14.4, and the cogging torque reaches minimum 60 mN/m, meanwhile, the levitation force reaches maximum 521N.
V. ELECTROMAGNETIC PERFORMANCE
According to the optimized geometry parameter of PMs, the optimized BPMSM is built and analyzed. Some significant electromagnetic properties including magnetic field, core loss, electromagnetic torque, levitation force are analyzed in detail.
A. MAGNETIC FIELD
The distribution of magnetic field in the BPMSM is one of important performance, which has an impact on the performance of torque and levitation force. In view of the complexity of composite magnetic field, in this paper, each kinds of magnetic field are studied by FEM respectively, and then the composite magnetic field is studied by FEM in the end. Fig. 10 shows the distribution of magnetic field in the proposed BPMSM. The magnetic field generated by torque winding and PM is shown in Fig. 10 (a) , and it is observed that the 4-pole magnetic flux is generated by torque winding and PMs. The magnetic field distributed evenly, and the flux density in the airgap α is equal to β. The magnetic field generated by levitation winding is shown in Fig. 10 (b) , different with the Fig. 10 (a) , the 6-pole magnetic flux is generated. The magnetic field also distributed evenly, and the flux density in the airgap α is also equal to β. The composite magnetic field is shown in Fig. 10 (c) , after combining of two kinds of magnetic field, the composite magnetic field no longer distributed evenly, and the flux density in the airgap α is larger than airgap β. By analyzing the magnetic field of the proposed BPMSM, it shows that the simulation results are consistent with theoretical analysis aforementioned in Section III, which validates the correctness of the operation principle.
B. LEVITATION FORCE
According the method of Maxwell stress tensor [37] , the levitation force of the proposed BPMSM can be written as
where, B(θ, t) is flux density in the airgap, µ 0 is permeability in the vacuum, s represents the area of the rotor surface, l is the length of the armature, and r is the radius of rotor. The value of µ 0 , l and r are constants when the structure parameter of the proposed BPMSM is determined. Therefore, the levitation fore is merely related to flux density in the airgap. Fig . 11 shows the Maxwell force in BPMSM simulated by FEM. With the moving of rotor drift in the positive direction of x-axis, the Maxwell force is generated, and the direction of force is also along positive direction of x-axis. By solving the equation (3), and decomposing it into x-axis and y-axis, the final expression of levitation fore can be given as [37] :
where, F x and F y are levitation force in x-axis and y-axis, respectively, θ T and θ L represents the electrical angle of levitation winding current and torque winding current, respectively, x and y represent the radial displacement in x-axis and y-axis, respectively,I L represents levitation winding current, and I Tp represents the equivalent current that consist of torque winding current and PM equivalent current, k a and k b are two parameters related to the structure of the BPMSM, and it ca be given as
where, N S and N T are the turns of levitation wingding and torque winding, respectively, k dT and k dS are the torque winding and levitation winding stacking coefficient, respectively, and δ 0 is airgap length. According to the equation (4), F x exhibits a cosine distribution, F y exhibits a sinusoidal distribution, and the amplitude is proportional to the I L and I Tp . Fig. 12 shows the simulation results of relationship between levitation force and levitation winding current. It is observed that the F x distributed by cosine wave, F y distributed by sine wave, and amplitude of levitation force is nearly proportional to levitation winding current, which is consistent with the theoretical analysis.
According to the analysis above-mentioned, the theoretical value of resultant levitation force F can be given as Fig. 13 shows the resultant levitation force versus the levitation winding current, and the theoretical value and simulation value are compared. It is observed that the theoretical value agree with simulation value when the levitation winding current is small. However, due to the magnetic circuit saturation, when the levitation winding current has a large value, the simulation value deviates from the theoretical value gradually.
C. ELECTROMAGNETIC TORQUE
Through the theoretical analysis, the torque performance of the BPMSM is identical to common PMSM [13] . Therefore, in the rotational coordinate system, the electromagnetic torque formula of the proposed BPMSM can be given as:
where, P m represents pole pairs of PM, ψ m represents the flux linkage of PM, L d and L q are inductance in d-axis and q-axis, respectively, and L d and L q are current in d-axis and q-axis, respectively. Fig. 14 shows the torque performance of the proposed BPMSM when 5A current is applied to torque wingding. It can be seen that when the torque wingding is 5A and levitation wingding is 0A, the torque performance is same as the condition that torque wingding is 5A and levitation wingding is 5A. That is, the levitation current has a little effect on torque performance, and it is consistent VOLUME 7, 2019 FIGURE 14. Torque performance of the proposed BPMSM. with the theory aforementioned. In addition, there is a great difference between d-axis inductance and q-axis inductance in the proposed BPMSM, and it can provide larger reluctance torque.
D. LOSS ANALYSIS
Loss analysis is an important step in the process of BPMSM's optimal design. Because of that there are two sets of wingdings in the BPMSM, the copper loss will be increased certainly. Therefore, in this part, the core loss is mainly researched. According to the Bertotti theory, when the flux density B in the core changes in a sinusoidal way over time, and it can be given as:
where, B m represents the amplitude of flux density, and f is the current frequency. On this basis, the core loss can be expressed as
where, k h and x are the hysteresis loss coefficient and Steinmetz coefficient, respectively, and k c is the eddy-current loss coefficient.
In general, the precise computation of core losses in BPMSM is still a difficult problem, because the extreme saturation is occurred in the yoke part and teeth part of the stator core when the BPMSM is running, and the flux density B has a lot of harmonics. In this part, the core loss is simulated by FEM. Fig. 15 shows the relationship between core loss and rotor speed, it can be seen that with the increasing of the rotor speed (current frequency of torque winding), the core loss grows exponentially. Fig. 16 shows the relationship between the core loss and torque winding current, it shows that with the increasing of torque winding, the core loss also increases. While, the rate of increase is tend to decline, that is because with the increasing of torque wingding current, the flux density also increases, and it could lead to saturation of magnetic field, and the increase rate of flux density is tend to decline. Fig. 17 shows the core loss versus the levitation winding current, it shows that the levitation winding current has a less effect on core loss. In general, the energized levitation winding can influence the distribution of magnetic field, and it has a less effect on core loss.
E. COGGING TORQUE
In the PM motor, even the stator winding is not excited, the electromagnetic torque still exists, and this electromagnetic torque is called cogging torque. It is one of the unique problems of PM motors, which must be considered and solved in the design of the PM motors. The mechanical degree in one cogging torque cycle can be expressed as
where, p represents pole pairs, z represents the number of slots, G(z, 2p) represents the greatest common divisor of z and 2p. According the parameters of the proposed BPMSM, the θ is calculated as 15 • . In the Section IV, the pole-arc coefficient is optimized to reducing the cogging torque. As shown in Fig. 18 , the amplitude of optimized cogging torque is decreased greatly, and reduces to 71mN/m. The mechanical angle accounts for 15 • in one cogging torque cycle, which is consistent with the equation (10) .
VI. EXPERIMENT
The installation diagram of the proposed BPMSM is shown in Fig. 19 , it mainly include the radial displacement sensor, photoelectric encoder, terminal of winding, auxiliary bearing and detector plate. The radius of detector plate is the same as the rotor, and the radial displacement of rotor can be obtained by detecting the location of detector plate. In order to verify the levitation force performance, the experiment platform of proposed BPMSM is established. It mainly includes TMS320F2812 DSP, driver board, signal processing board, IGBT module, prototype and various sensors. The control program is compiled by software CCS. On the basic of this experiment platform, the static levitation experiment is carried out.
The static levitation experiment is one of the important experiments for the BPMSM. In this experiment, the rotor does not rotate, and the function of the BPMSM is just like a magnetic bearing. The static levitation experiment of proposed BPMSM is shown in Fig. 20 . According to the input-output relations of signal processing board, the output displacement voltage signal is about 1.5V when the rotor is located in the center position. According to the Fig. 20 , it can be seen that the waveforms of radial displacement fluctuate across the 1.5V, and the fluctuation range is within 0.2 V, that is 130µm, and it indicates that the rotor can be suspend steady.
VII. CONCLUSION
In this paper, a new type of BPMSM with interior composed magnetic structure is proposed. For improving the performance of the proposed BPMSM and reducing the cogging toque, the pole-arc coefficient of PM are optimized by using FEM. By analyzing the simulation results, the better performance of the proposed BPMSM is displayed. About magnetic field, due to the effect of levitation winding, the airgap flux density in position α is larger than position β, which testifies the theory of levitation force. In addition, the levitation force of the proposed BPMSM is relatively stable, and simulation value is in good agreement with the theoretical calculation value. Then, the torque and core loss of the proposed BPMSM are studied, which shows that the levitation wingding has a little effect on torque and core loss. Finally, the better levitation force performance is validated by static suspension experiment.
